The increasing frequency of climatic risks, such as flood, drought, heat and cold waves, is causing significant loss of farm productivity and income in agriculturally dependent communities. Timely availability of reliable information on weather conditions, agro-advisories, and market information can help to minimize losses in agriculture. This paper presents a scientific and integrated approach to identify areas of high agriculture vulnerability to climate change and availability of ICT services for dissemination of CSA information in the vulnerable areas. This study was illustrated for India where the majority of the population depends on agriculture for their livelihoods, and this sector is highly vulnerable to climate change. The study presents four regions: i) high agriculture vulnerability and low ICT services, ii) high agriculture vulnerability and high ICT services, iii) low agriculture vulnerability and low ICT services, and iv) low agriculture vulnerability and high ICT services. This methodology, which is simple, uses available data, and is easy to apply, can be useful to prioritize locations for climate-smart interventions, mode of CSA information dissemination using ICT services, and increase coverage of agro-ICT services through development of ICT services in the locations where climate change impact is high and ICT services are very low. This study also showed that there is a need to improve the quality of existing climate information and agro-advisory services in the climate risk-prone areas.
Introduction
Agricultural production is often volatile due to external factors, such as weather, insect/pests, diseases, and input/output prices. Recently, increasing climatic risks in agriculture are causing serious distresses to farming communities across the world Falco et al. 2018; Knox et al. 2012) . It has been well documented that agricultural production could be significantly impacted owing to increases in temperature, changes in rainfall patterns, and incidence of extreme climatic events, such as floods, droughts, and heat/cold waves . Furthermore, agriculture in its different forms and locations remains highly vulnerable to climatic variability, which is a major factor of interannual variation in food production (Ray et al. 2015; Howden et al. 2007) . Given the impacts of climate change on agriculture, enhancing farmers' capacity to manage climatic risks can be an important adaptation strategy in agriculture and allied sector, such as processing units, livestock, fisheries, etc.
Depending upon food production systems and locations, there is a large array of adaptation and mitigation options to address climate change and variability in agriculture. Adaptation options that sustainably increase productivity, enhance resilience to climatic stresses, and reduce greenhouse gas emissions are known as climate-smart agricultural (CSA) technologies, practices, and services (FAO 2010) . Broadly, CSA focuses on developing resilient food production systems that lead to food and income security under progressive climate change and variability (Vermeulen et al. 2012 , Lipper et al. 2014 . In many locations, change in crop and livestock management practices, use of new farm technologies, and change in land use patterns help to adapt climatic risks in agriculture. These practices include use of improved climate resilient seeds, crop nutrients and water management practices, changes in tillage practices (such as conventional to minimum tillage), change in sowing time based on climate information, etc. (Howden et al. 2007; Dunnett et al. 2018) . A recent study shows farmers' preferred technologies generally depend on total annual rainfall and that the choices are largely around rainwater harvesting, crop insurance, laser leveling, and fodder management . Similarly, many climatesmart agricultural practices can potentially reduce greenhouse gas emissions without compromising food production (Sapkota et al. 2018) . However, farmers often lack access to updated information on several CSA technologies, practices, and services that are available to them in the market. Availability of timely information on weather forecasts, value-added agricultural advisories, such as climate information-based input use and crop management practices and market information, empowers farming communities in tackling climate and market risks in agriculture (Magawata 2014; Shaik et al. 2011; Singh and Meena 2012) .
The use of information and communication technologies (ICTs), such as cell phones, televisions, radio, and internet services, is an emerging field for dissemination of climate-smart agriculture (CSA) technologies, practices, and services to the rural farmers. Several studies also indicate that ICT-based climate information and agro-advisory services can help farmers to make better in-season crop management decisions, choice of technology, and marketing strategy (Ospina and Heeks 2012; Kumar and Singh 2012; Mittal et al. 2010) . However, reliable and economical ICT services are crucial for the dissemination of CSA information to the rural agricultural communities. In addition, the role of ICTs is not confined only to disseminate CSA information, rather it has reduced the costs of gathering, processing, and decision making along with disseminating timely information that helps farmers to mitigate climate and associated risks. For example, timely information of monsoons, which is provided by weather forecasting agencies, would help farmers to take decision to sow in the right time to cope with rainfall related uncertainties particularly in rain-fed areas (Raghuvanshi et al. 2018; Dinesh 2016) . Customized agro-advisories, which are usually offered by service providers, often supply very detailed information for crop management to mitigate climate related agricultural risks on a case by case basis.
In developing countries particularly, where timely access to CSA information is limited by several factors, including available flow of information through reliable channels, ICT has incredible potential to improve agricultural productivity (World Bank 2017). Along with disseminated by ICT services, the CSA technologies and practices would be more accessible by farmers, particularly by small and marginal, if they are linked and promoted within the government's ongoing agriculture development programs (FAO 2017) . Policies and programs that are focused on sustainable agricultural development, water conservation, crop insurance, etc., have potential to integrate CSA activities.
Targeting ICT-based climate information and agro-advisory services for climate change adaptation requires a systematic assessment of agricultural vulnerability to climate change and variability, availability of ICT services and farmers' access to them. Despite widespread recognition of the importance of ICT-based climate information and agro-services and farmers need, there is little evidence in targeting locations where agriculture is highly vulnerable to climate change and availability of ICT services are major constraints. Information about the type and coverage of ICT services in the climatic risk prone areas can help to design climate information-based agro-advisory services suitable to the local farmers (Tall et al. 2018) . Some studies show that the rate of CSA adoption and food security status are high in the locations where farmers have access to the advanced climate services (McKune et al. 2018; Huysen et al. 2018) . Therefore, assessing where climate information services are required and which ICT tool can be used to disseminate climate information-based agro-advisories can help in shaping future initiatives for climate risks management in agriculture.
This paper presents a scientific and integrated approach to identify areas of high agriculture vulnerability to climate change and availability of ICT services for dissemination of CSA information in the vulnerable areas. This study was conducted in India where the majority of the population depends on agriculture for their livelihoods and where this sector is highly vulnerable to climate change (Pathak et al. 2012; GoI 2018) . Many studies also show that climate change could reduce a significant amount of farm income (>20%) in the country (Burgess et al. 2014; Aggarwal 2008) . The objective of the study, therefore, is to present a methodology of identification of hotspots for climatic risks in agriculture and coverage of ICT services by illustrating for India. The hotspots include locations where agriculture vulnerability to climate change is very high with limited access to ICT services. This paper presents four regions: i) high agriculture vulnerability and low ICT services, ii) high agriculture vulnerability and high ICT services, iii) low agriculture vulnerability and low ICT services, and iv) low agriculture vulnerability and high ICT services. This methodology can be used in the climatically risk prone areas for targeting broad geographical regions for dissemination of CSA information and to enhance ICT-based agro-advisory services to minimize climate change impacts on agriculture.
Data and approach

Assessment of agriculture vulnerability to climate change
There are many scientific studies that cover a range of agriculture vulnerability to climate change analyses in India and South Asia (Thornton and Gerber 2010; Mani et al. 2018; Lal 2019) . A comprehensive analysis of agriculture vulnerability to climate change conducted by Rao et al.
(2013) considers a wide range of bio-physical and socio-economic indicators (e.g., land use/land cover, climate data, natural disaster, e.g., flood, cyclone, drought, etc., water availability, poverty, landholding, transport network, access to market, etc. 1 ) at district level. This study used a dataset provided by Rao et al. (2013) .
On the basis of the relative agriculture vulnerability to climate change, all districts in India were categorized into five classes: very high, high medium, low, and very low vulnerability. Out of the 572 rural districts (Census 2001) the first 115 districts fall into the very high vulnerability category, while the next 115, 114, 114, and 114 districts fall into high, medium, low, and very low vulnerability categories, respectively. These 572 rural districts boundaries were adjusted 2 with the present administrative boundary of 622 rural districts (Census 2011) without modifying the existing vulnerability classes. Subsequently, these 622 districts were taken for further analysis excluding urban districts where agriculture is very limited. The exclusion of urban districts where ICT services are very high helps to minimize errors in hotspot analysis.
Assessment of availability of ICT services
The growth rate of the telecommunications sector in India is significantly high and from 2011 to 2018 wireless phone service has increased from 34% to 58% in rural India (TRAI 2011 (TRAI , 2018 . This study uses the latest available census data of India (2011) for the hotspot analysis. In the first step, the percentage of rural households that have access to radio, television, cell phone, and computer with internet was calculated for each district. In the second step, the percentage access to selected ICT services in a district was ranked compared to all the districts of India. Similarly, all four selected ICT services were ranked as per their availability compared to all districts of India and mean of the four ranks were taken as the composite rank of access to ICT services for a district. In the third step, this relative rank of access to ICT services was classified in five classes equally: very low, low, moderate, high, and very high with cutoff relative rank values of 125, 250, 375, and 500 for further analysis.
Assessment of scope of ICT services in climate change adaption
A hotspot analysis was conducted by overlying agricultural vulnerability (very high, high, medium, low, and very low) to climate change with access to ICT services (very high, high, medium, low, and very low) using geographic information systems (GIS). This provides a spatial relationship between the degree of agriculture vulnerabilities and access to ICT services at district level. At district level, a particular climatic risk and presence of ICT services were taken into account to explore the different scenarios and opportunities of using ICT existing services to promote CSA technologies and services, including land use planning and watershed management. Furthermore, mode of ICT services in the very highly and highly vulnerable rural districts were analyzed on the basis of the number of users in the districts. For better understanding, the very high to high vulnerability districts were combined together as 'high' category and the medium to very low vulnerability districts were combined as 'low' category. This study also uses rural income poverty level (% of population under poverty line) 1 Details of indicators are presented as Annexure 1 2 With the growth of population many of the districts of India are bifurcated in two or more for ease of governance. In this study we have used the latest available district boundary data and assigned the same vulnerability class of the previous district for all the new bifurcated districts.
at the district level to identify people's purchasing power of ICT services. Districts were identified as the hotspots where agriculture vulnerability to climate change is high, access to ICT services is low, and poverty level is high. Finally, we estimated cost of climate information and agro-advisory service provision through cell phone to the hotspot areas. Current service charge per farmer per season was used to calculate cost of cell phone-based agro-advisories. This cost was obtained through the survey of current ICT-based climate information and agro-advisory providers in different locations of India. Figure 1 presents a systematic methodology of a hotspot analysis used in this study.
Assessment of farmers' access to current ICT services
A household survey was conducted to identify farmers' access to different sources of ICT services, reliability of information received, and usefulness of weather information and agro-advisory services in agricultural management decision making. This survey was conducted in 2017-2018 with 2671 randomly selected farmers in five randomly selected climatically highly vulnerable states (Bihar, Madhya Pradesh, Maharashtra, Rajasthan and Uttar Pradesh) and 12 hotspot districts in the states. Farmers were asked about the reliability and usefulness of four major sources of ICT services (cell phone, television, radio, and internet). For reliability, this study used a five- Fig. 1 Flowchart of methodology: assessment of agriculture vulnerability and ICT services point Likert scale, where 1 = unreliable, 2 = somewhat reliable, 3 = fairly reliable, 4 = very reliable, and 5 = fully reliable. Similarly, the five-point Likert scale for usefulness includes, 1 = not useful, 2 = somewhat useful, 3 = fairly useful, 4 = very useful, and 5 = fully useful.
Results
Access to ICT services in climate change vulnerable districts
Agriculture vulnerability assessment results show that out of 622 districts, 124 fall into very highly vulnerable in 15 states, while 122 are in highly vulnerable categories in 19 states of India (Fig. 2) . In these districts, 30.3% and 23.5% of India's (rural districts) farmers live in very highly and highly vulnerable zones, respectively. The highly vulnerable to climate change districts constitute more than 50% of India's farmer population. Among the highly vulnerable states of India, Rajasthan has the maximum number of farmers (10.3%) followed by Maharashtra (7.2%), Uttar Pradesh (7%), and Madhya Pradesh (6.3%). Fig. 2 Number of districts and farmers in very highly and highly vulnerable states of India. The x-axis value represents number of farmers in million and y-axis values represents number of districts in very highly (blue color) and highly (orange color) vulnerable classes In India, out of 179 million rural households, 47.5% has access to cell phones, while 35.4%, 19.2%, and 0.8% have ownership of television, radio, and computer with internet access, respectively. Data shows that the majority of the districts in all rural districts in central India lack ICT services and fall into the very low to low access to ICT services category (Fig. 3) . In 447 districts in India, where cell phones are a primary source of ICT service, covers more than 80% of farmers (primary occupation is cultivator). Out of these 447 districts, 246 fall under high climate vulnerability categories. Coverage of ICT services such as television and radio were in second and third rank in the districts. Figure 4 presents hotspots of agriculture vulnerability to climate change and access to ICT service across India. All rural districts were categorized into four groups based on the combination of agriculture vulnerability to climate change and access to ICT services. High vulnerability and low access to ICT services (category 1) includes 114 districts. Similarly, high vulnerability with high ICT access (category 2), low vulnerability and high ICT access (category 3) and low vulnerability and low ICT access (category 4) include 132, 240, and 136 districts respectively. Similarly, large number of farmers are in high vulnerability and high access to ICT services (27.7 million), followed by low vulnerability and high access to ICT services 25.1 million), high vulnerability and low access to ICT services (22.1 million) and low vulnerability and low access to ICT services (17.6 million). Table 1 presents a number of districts and farmers in the hotspot districts in highly vulnerable states of India. A large number of hotspot districts with high vulnerability and low access to ICT services are located in Madhya Pradesh, Maharashtra, Rajasthan, Jharkhand, Gujarat, and Bihar where the majority of the population depends on agricultural activities for their livelihoods.
Hotspots for ICT services
Districts that are low vulnerability and have comparatively lower access to ICT services are mostly concentrated in the states of Odisha and Madhya Pradesh. The 240 districts with low vulnerability and high access to ICT services are primarily in Uttar Pradesh, Jammu and Kashmir, Tamil Nadu, Punjab, and spread over in the other 26 states. The districts that are having better access to ICT services in the high vulnerability areas have more access to cell phones.
Climatic risks and ICT services in hotspots
This study has analyzed the major climatic risks in the hotspot areas across India. Three major climatic risks: uncertainty in rainfall, drought probability, and increase in temperature (minimum and maximum) are mapped in Fig. 5 . There are several other factors like flood or saltwater intrusion which are also important in this context; however, due to lack of data on regionspecific future climatic variability, we restricted our analysis to only rainfall and temperature related uncertainties. July rainfall, which is a deciding factor for production of Kharif (monsoon) crops, is projected to decrease in 74 hotspot districts, mainly in Bihar, Rajasthan, Tamil Nadu, and Karnataka (Revadekar and Preethi 2011; Venkatraman 2014). CSA information about weather-based crop advisories, water management, and drought resistant crops, including crop insurance, can help millions of farmers to minimize drought related climatic risks. About 118 hotspot districts will experience an increase in minimum/maximum temperatures, mainly in Rajasthan, Maharashtra, Gujrat, and Uttar Pradesh. Promotion of CSA technologies and practices such as stress tolerant verities, water conservation practices, and pest/disease control, related to agro-advisories can help to minimize temperature change related stresses. To identify the preferred mode of ICT access to deliver climate information-based agroadvisories, spatial correlation analysis was done between climate risks and preferred mode of ICT (Fig. 5) . Results show that access to mobile phone is relatively high in these hotspot districts compared to other ICT services.
Farmers' access to ICT services in the hotspots
This study assessed farmers' access to ICT-based weather information and agro-advisory services in 12 hotspot districts in five states (Bihar, Madhya Pradesh, Maharashtra, Rajasthan, and Utter Pradesh) of India. Figure 6 presents farmers' response on access to ICT-based climate information and agro-advisory services, reliability and usefulness of the information. In many hotspot districts, farmers' current access to ICT-based weather information and agroadvisory services was very low. Among the ICTs, television and cell phone were major sources of weather and agro-advisory services. Results also show that reliability of currently available weather information and agro-advisory services were low. A very limited number of farmers believed that current ICT-based information services were useful for making better management decisions in agriculture. 
Discussion
Reduction of agriculture vulnerability to climate change is one of the major objectives in agriculture sector development. Therefore, provision of climate information and agro-advisory services depends on the hotspot categories. In areas where vulnerability to climate change is high with low access to ITC services (category 1), the first priority should be to increase access to ICT services through development of ICT infrastructure and supply of ICT services. The second step should focus on provision of ICT-based climate information and agro-advisory services based on agricultural production systems in the areas. In high vulnerability and high access to ICT services areas (category 2), focus should be on developing climate information-based agroadvisories and providing it via the most covered ICT services, such as cell phone, television, and radio. Low vulnerability to climate change and low access to ICT services areas (category 4) may also need improvement in access to ICT services to promote new agricultural technologies and practices with less focus on climate risks management. For farmers located in the best case scenario (low vulnerability to climate change and high access to ICT services), the provision of ICT-based climate information and agro-advisory services can help them to manage agricultural inputs (water, seed, fertilizer, and energy) in better ways to get maximum benefit of good climatic conditions.
Cost of ICT services provisions in the hotspots
This study estimated the cost of climate information and agro-advisory services in the hotspot districts and use of climate information and agro-advisories. These cost calculations are not only useful for state level ministries of agriculture but also private ICT service providers who provide climate information and agro-advisory services, agriculture insurance companies who provide information about agriculture insurance schemes, agriculture input suppliers who can provide information about available technologies, and so on. Current average cost of climate information-based agroadvisory services was US$ 2.5 per farmer per cropping season, which include information about weather forecasts, sowing dates, water and nutrient efficient management practices, crop residue management, disease and pest control, market prices and trends, and relevant government schemes. The total estimated cost is US$ 62.5 million for ICT-based agro-advisory services in the highly vulnerable districts, where cell phone is the primary choice to access information. Figure 7 presents an estimated cost of cell phone-based ICT services in the hotspot districts across India. Total cost per district ranges from <1 million to 2.3 million US$. This cost of ICT services was mapped with current level poverty in the hotspot districts. Many hotspot districts in Northern India (Bihar and Uttar Pradesh) include a large number of poor farmers, who have low purchasing power of ICT services as well as ICT-based agro-advisory services. The dissemination of ICT-based climate information and agro-advisory services in these areas may need large government supports. The estimated cost of ICT services for nine districts that are very highly vulnerable with high poverty and better ICT access is US$ 3.25 million/cropping season for cell phone-based advisories. For 56 districts that are highly vulnerable districts with high poverty the cost is US$ 33.69 million/cropping season.
Improving farmers' access to ICT services
This study observed that a large number of farmers lack access to reliable ICT services in many climatically vulnerable districts across India. This study shows that cell phone coverage is highest followed by television and radio. Farmers' access to cell phones has also been rapidly increasing recently. Development and supply of cell phone-based climate information and agro-advisory services can cover a large area of farming communities across the India. This ICT service can encourage local farmers to form a group in social media to share experiences, including new technologies, practices, and market information. Apart from traditional methods where government or service provider acts as a knowledge provider, farmers' groups can exchange information through smartphones and benefit mutually without any external support.
Apart from cell phone-based agro-advisories, mass media, such as television and radio, could be used effectively to provide weather information and agro-advisory services to the farmers (Purushothaman et al. 2003; World Bank 2017; Ajayi 2019) . Using success stories of local farmers who have adopted CSA technologies and experienced significant benefit would be encouraging to farmers' communities. In very remote areas, where farmers' communities do not have much access to cell phone networks or cannot afford television, provision of weather information and agro-advisory services through radios would be very effective. This service can include information on CSA technologies and practices, farmers' success stories, and market information and links. 
Development of value-added agro-advisory services
Recent advancement in agricultural knowledge, communication technologies, and the ability to analyze a large database can help to generate more customized weather information-based agro-advisory services to the farmers. However, current agro-advisory services lack the use of such information and technologies to generate context-specific agro-advisory services. Artificial intelligence (AI)-based agro-advisory systems are well established in many developed countries (Umadikar et al. 2014; ICRISAT 2018; Reddy et al. 2018) .
A two-way information flow model can be highly useful to address more localized climate risks and agriculture production related farmers' problems. Figure 8 presents a basic structure of the prototype for two-way information flow to improve the existing weather information and agro-advisory service system. The prototype consists of an artificial intelligence (AI)-enabled server with the capabilities to recognize and extract information from input image and text to provide advisories, database from field (crop, management practices, etc.) through mobile app, database from agencies (weather, efficient technologies, etc.) verified by a panel of experts, input from remote sensing sensors, field scouts/progressive farmers, and enrolled beneficiaries.
Conceptually, the server collects data from the field through mobile apps to create profiles of farmers to provide customized advisories throughout the lifecycle of the crop under consideration. A combination of different methods can help to collect crop management practices, monitor crop health, insect/pest and disease outbreaks through image recognition system. On the basis of the information that is provided from the field to the server, an AIbased system analyzes the inputs and generates advisories based on the provided information. Systematically, the process is being monitored by the panel of experts for quality control and upgradation for better decision making. In due course, a larger area, including the present study area, will be monitored with the inputs from sensors onboard satellites/UAV/drones for early warning of any disease or insect/pest outbreak. Fig. 8 Basic structure of the prototype for two-way information flow
Conclusion
Addressing climate change impacts on agriculture is a special challenge that needs efficient channeling of resources and information to strengthen farmers adaptive capacity to climate change and variability. Many climate change adaptation and mitigation related policies and programs focus on implementation of climate-smart practices, technologies, and services to cover large agricultural areas and populations. This study presents a methodology to highlight/ target broad geographical regions for designing and implementing ICT-based climate information and agro-advisory services. This methodology -which is simple, uses available data, and is easy to apply -can be useful to prioritize locations for climate-smart interventions, mode of CSA information dissemination using ICT services, and increase coverage of agro-ICT services through development of ICT services in the locations where climate change impact is high and ICT services are very low. This study also showed that there is a need to improve the quality of existing climate information and agro-advisory services in many locations. Similarly, use of particular types of ICT services and coverage can play a crucial role while prioritizing dissemination of climate information and agro-advisory services in the targeted locations and population. This analysis needs to be followed by further examination of the socio-economic characteristics of agriculture dependent communities to design suitable climate information and agro-advisory services and ICT for disseminating them.
